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INTRODUCTION
The purpose of this field trip is to examine and discuss some of the
highest grade rocks in the central Massachusetts-northern Connecticut Aca
dian metamorphic high, which includes some of the highest grade Paleozoic
metamorphic rocks in the entire. Appalachians. The trip begins in rocks
that crystallized above the breakdown of muscovite and proceeds upgrade
from there. The region in question lies east of the gneiss domes of the
Bronson Hill anticlinorium (Figure 1) in the heart of the Merrimack Syn
clinorium. Naturally there will be some discussion of the stratigraphy and
structure of the region, which is controversial, but emphasis will be placed
on metamorphism and how it relates to tectonic history. Those interested
in more details on stratigraphy and structure should refer to Trip P-4
(this volume).
Early petrologic work in central Massachusetts was done by B.K. Emerson
(1898, 1917) who gave some remarkably accurate descriptions of mineral assem
blages in a variety of rocks. Heald (1950) first brought out the significance
of the sillimanite-orthoclase zone in New England based on his work in south
western New Hampshire. The first modern study in Massachusetts was by
Barker (1962) on rocks near Sturbridge and nearby Union, Connecticut. This
was followed by Hess (1969, 1971) who did electron probe studies of zoned
garnet and coexisting biotite and cordierite near Sturbridge.
Our own work in the very high grade rocks was begun by Robinson (1967)
in the Quabbin Reservoir area and was followed up by a detailed study of the
sillimanite-orthoclase isograd by Tracy (1975, 1978). Meanwhile detailed
geologic mapping and petrographic description were extended southward from
Quabbin by Peper (1966, 1967, 1976, 1977a, 1977b),eastward and northeastward
from Quabbin by Field (1975) and Tucker (1977), and northward from the Con
necticut State Line bv Seiders (1976), Moore (1978), and Pomeroy (1974,
1975, 1977). As part of the compilation work for the Massachusetts bedrock
map in the late 70's Robinson had the task of examining all of these areas,
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Figure 1. Generalized bedrock geologic map of south-central Massachusetts,
showing metamorphic zones and location of cross section, Trip P-4, Figure 2
No attempt is made to pattern all very small areas
Metamorphic zones are
described in the text
EXPLANATION
(Use also for Figure 30)
Diabase dikes.

Jurassic
JurassicTriassic

Conglomerate, sandstone, shale, and basalt
Foliated muscovite granite gneiss, biotite gneiss
Coys Hill Porphyritic Granite.
Granodiorite, tonalite.
Gabbro, diorite.
•• ••
• •• • •

Lower
Devonian

• •«

••

Erving Formation.
Littleton Formation.
mapped.

Silurian

Volcanics where separately

*
Fitch Formation;

Paxton Formation
Spss-Sulfidic Schist Member

Clough Quartzite.

Sp-Granulite Member

(Subzones A and B)

-]
Middle
Ordovician

Spsq-White Schist Member,
Spqr-Quartzite-Rusty Schist
Member
(Subzones C and D)

Partridge Formation. Separately mapped felsic Volcanics
in different pattern.
Ammonoosuc Volcanics in Subzone A. Also includes
separately mapped mafic Volcanics in Partridge
Formation in Subzones B and C.

Ordovician

Massive gneiss of plutonic derivation in dome core

Ordovician?
or older.

Layered gneiss, Monson Gneiss, Fourmile Gneiss.
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Precambrian
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Poplar Mountain Gneiss, M t . Mineral Formation.
Poplar Mountain Quartzite, Pelham Quartzite.
Dry Hill Gneiss.
Mesozoic normal fault, hachures on downthrown side

*

Fitch Formation shown solid black in Subzone B.

in part with the guidance of the various authors, and several papers and ab
stracts based on collected material were published (Robinson et al,, 1975;
Tracy et al., 1975; Robinson, 1976; Tracy, Robinson, and Field, 1976; Tracv,
Robinson, and Thompson, 1976; Robinson and Tracy, 1976; Robinson and Tracy,
1977; Robinson, Tracy and Pomeroy, 1977; Tracy and Robinson, 1978a; Tracy
and Robinson, 1978b; Robinson, Tracy and Tucker, 1978; Robinson, 1979;
Robinson and Tracy, 1979; Tracy and Robinson, 1980; Shearer and Robinson,
1980).
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REGIONAL METAMORPHIC ZONES IN PELITIC SCHISTS
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The central Massachusetts metamorphic high east of the Connecticut
Valley border fault has been divided into six zones (Figure 1 and Figure 2A)
based on mineral assemblages in pelitic schists (Tracy, Robinson and Thomp
son, 1976; Robinson, Tracy and Tucker, 1978). In Zone I, the KyaniteStaurolite Zone, the typical assemblage in pelitic schists is quartz-muscovite-biotite-garnet-staurolite-graphite-ilmenite
±
pyrrhotite
±
plagioclase.
f•’.
7
Less abundant schists, generally with more magnesian bulk compositions, con
tain kyanite in addition, or kyanite without staurolite (Robinson, 1963). In
Zone II, the Sillimanite-Staurolite-Muscovite Zone, the typical assemblage
in pelitic schists is quartz-muscovite-biotite-garnet-staurolite-sillimanitegraphite-ilmenite ± pyrrhotite ± plagioclase. In the lower grade part of
Zone II similar schists lacking sillimanite are also abundant, whereas in the
higher grade part similar sillimanite schists without staurolite are very
abundant.
In Zone III, the Sillimanite-Muscovite Zone, the typical assem
blage in pelitic schists is quartz-muscovite-biotite-garnet-sillimanitegraphite-ilmenite ± pyrrhotite ± plagioclase, similar to staurolite-free rocks
in the upper part of Zone II. In Zone IV, the Sillimanite-Muscovite-K feld
spar Zone, the typical assemblage is quartz-muscovite-orthoclase-plagioclase
(An 20-35)-biotite-garnet-sillimanite-graphite-ilmenite ± pyrrhotite. At any
one locality rocks with more sodic plagioclase than in the typical assemblage
have sillimanite-orthoclase without muscovite, whereas rocks with more
calcic plagioclase have silliraanite-muscovite without ortboclase (Tracy 1975,
1978). In Zone V, the Sillimanite-K Feldspar Zone, the typical assemblage
in pelitic schists is quartz-orthoclase-plagioclase-biotite-garnet-sillimanfe (

0

-graphite-ilmenite ± pyrrbotite and no muscovite is found in prograde
rocks of any available composition. This is the lowest grade zone to be
visited on the field trip. In Zone VI, the Sillimanite-K Feldspar-GarnetCordierite Zone, the typical assemblage in pelitic schists (and gneisses) is
quartz-orthoclase-plagioclase-biotite-garnet-cordierite-sillimanite-graphite
ilmenite ± pyrrhotite. At certain stratigraphic levels in Zone VI as well
as locally in Zones IV and V there are extremely sulfide-rich rocks lacking
garnet, commonly with rutile in place of ilmenite, and in rare instances
pyrite in place of most of the pyrrhotite. The genesis of these rocks is
discussed below.
GENERAL SEQUENCE OF PROGRADE REACTIONS
V
%

The possible reactions by which the typical garnet-biotite-staurolite
schists of Zone I are converted to sillimanite-bearing schists in Zone II
have been considered at length by Robinson (1963) and Hall (.1970) . Several
aluminum
problems are still unresolved, but it appears that the appearance of c
silicate is controlled by one or more continuous reactions:
1) Staurolite + Muscovite + Mg-richer Biotite + Quartz
= Sillimanite + Fe-richer Biotite + H20
2) Na-richer Muscovite + Quartz
= Sillimanite + Albite + K-richer Muscovite + H.20
and possibly by effects of zoning in garnets.
The general reaction by which staurolite-bearing schists of Zone II
converted to staurolite-free schists of Zone III is probably
3) Staurolite + Muscovite + Quartz = Sillimanite + Biotite + Garnet + H2Q.
Because of variable Mn/Fe in garnet and possibl
y Zn/Fe in staurolite, this
reaction should be considered also as continuous over a very limited tempera
ture range. The significance of Zn in the staurolite-out reaction is equivo
cal
Of analyzed staurolites from 16 rocks, 13 have less than 5% Zn stauro
lite component, two have between 5 and 10% and one has about 17%. That re
action 3) is a staurolite-out reaction for pelitic compositions only is
dramatically demonstrated by the occurrence of staurolite in Zone IV m a
quartz-sillimanite-staurolite-cordierite-plagioclase assemblage.

Li

The change from sillimanite-muscovite assemblages in Zone II through
m a n ite-muscovite-orthoclase
assemblages in Zone IV to sillimanite orthocl
e
a
s
assemblages in Zone V has been studied extensively by Tracy (1975,
)•
controlling reaction is a continuous one essentially involving continuous inin muscovite and K feldspar K/Na ratios and plagioclase Ca/Na ratios.

4) Na-richer Muscovite + Na-richer Plagioclase + Quartz
_
= K-richer Muscovite + K— feldspar + Sillimanite+Ca-richer Plagioclase
+ H 2o
The Na lost from muscovite and from plagioclase in this reaction goes to make
amount of K feldspar, which is more sodic than muscovite. The
III-Zone IV boundary is defined by the first appearance o f sillimanite K
feldspar in schists with the most sodic plagioclase composition, m practice
about AnOA. The Zone IV-Zone V boundary is defined by the last appearance of
muscovite in schists with the most calcic plagioclase, m practice abou
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Figure 3A. Quartz + K-Feldspar
projection of pelitic schist
assemblages in Zone V. Only
garnet core compositions
are shown.

An^.
Within Zone IV muscovite compositions range from 7% down to about 2%
paragonite component in the highest grade rocks. The highest grade muscovites
contain 10-20% of a celadonite component and .04 to .08 Ti ions per 11 oxygens
as compared to .01 to .05 in lower grade muscovites.
So long as muscovite is stable in Zones III and IV there is little pro
grade change in the Fe/(Fe+Mg) ratios of garnets and biotites in sillimanitegarnet-biotite assemblages. A fairly obvious reason is to be found in the
controlling reaction:
5) Garnet + Muscovite + Mg-richer Biotite = Sillimanite + Fe-richer
Biotite + Quartz
First inspection suggests that since the K + Na of muscovite must be exactly
balanced by the K+Na of biotite, the t^O must balance and the reaction is
fluid conservative and hence is likely to have a very small AS . However,
C. V. Guidotti (pers. comm. 1982) has called attention to the well known
fact that muscovites have higher Na than coexisting biotites and hence that
albite component of plagioclase should be added to the right-hand side of
the equation. This would increase the AS of the reaction and would slightly
favor the sillimanite + biotite side of the reaction with increasing grade.
.

Once muscovite has been entirely replaced by K-feldspar in Zone V the
situation is entirely reversed. K-feldspar takes the place of muscovite
in reaction 5), the amount of H^O produced on the left hand side is large
and so is the AS. This is rewritten
6) Sillimanite + Fe-richer Biotite + Quartz
= Garnet + K-feldspar + Mg-richer Biotite + H 2O.
This powerful dehydration reaction is responsible for major changes in miner
al compositions. The Mg contents of garnets and biotites in the sillimanite-biotite-garnet-K feldspar assemblage increase progressively from values
typical of Zone V (Figure 3A) to the higher values characteristic of Zone VI

Sillimanite

ZONE VI

+ Quartz
+ K -fe ld s p a r

Cord ierite

Figure 3B. Quartz +
K-Feldspar projection of
some pelitic schist
assemblages in Zone VI.
Only garnet core
compositions are shown
and some more recent
garnet assemblage data is
not included. The
extremely magnesian
assemblages are all
indeed three-phase
assemblages!

(Figure 3B). In Zone VI this garnet reaction "collides" with a similar
powerful dehydration reaction involving cordierite and moving in the reverse
direction:
7) Sillimanite + Mg-richer Biotite + Quartz
= Cordierite + K-feldspar + Fe-richer Biotite + H 2O
This "collision" produces the Sillimanite-Orthoclase-Garnet-Cordierite-Biotite assemblages typical of Zone VI. These two continuous Fe-Mg reactions
are illustrated qualitatively in T-X projection in Figure 20. The shift in
garnet compositions in pelitic schists# caused by reaction 6) is also illustrated in a map of maximum pyrope content (Figure 2C). From a maximum of
pyrope 16-18 in Zones I-IV the content increases to pyrope 25 or more in
parts of Zone VI. This is accompanied by a change of X^ biotite in the
same assemblage from near .50 to near .60,
^
Aside from the changes in major assemblages the distribution of Al-silicate polymorphs is instructive. The only Al-silicate in Zone. I is kyanite.
In Zone II the bulk of the Al-silicate is fibrolitic sillimanite growing
mainly from the breakdown of micas, but there are a few occurrences of kyanite overgrown by fibrolitic sillimanite ( " F i g u r e 2A). Straight prismatic
sillimanite is scarce until Zone IV where it replaces fibrolite while orthoclase replaces muscovite. All sillimanite in Zones V and VI is in well
crystallized acicular prisms. A characteristic of many rocks in Zone VI as
well as the northern and eastern portions of Zones V, IV, and III are 3 cm
to 10 cm long, 1 cm thick sillimanite prisms that have an internal structure
of disoriented rhomb shaped prismatic segments and inclusion patterns indicative of sillimanite pseudomorphs after andalusite (Rosenfeld, 1969). The
distribution of these pseudomorphs is shown in Figure 2A. In Zones III and
IV the pseudomorphs are commonly accompanied by fibrolite growing from micas
in the matrix. Another common feature of Zone VI are retrograde replace
ments of cordierite or less commonly garnet (+K feldspar) by biotite and
well formed prismatic sillimanite (see Tracy and Dietsch, 1982). In these
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Figure 4. Mn-Fe-Mg composition trends of zoned garnets from various
metamorphic zones (I-VI) in central Massachusetts. Dark "heads"
represent garnet cores, lighter "tails" represent rims. "P" designates
polymetamorphic garnets from the Pelham dome.
retrograde intergrowths the biotite is usually a light green very-low-Ti
variety quite different from the usual deep red biotite, and is easily mis
taken for chlorite in hand specimen. The overall impression is that fibrolite forms where Al-silicate is forming in prograde reactions involving the
breakdown of m i c a s .
In Zones V and VI where sillimanite is reacting out
in favor of garnet or cordierite, the remaining sillimanite recrystallizes
in the prismatic form,as it does when sillimanite is forming from retro
grade replacement of cordierite or garnet.
CHARACTER AND SIGNIFICANCE OF ZONED GARNETS
Compositional zoning in garnets and some other metamorphic minerals was
known long before the days of the electron probe, and such knowledge has be
greatly expanded by probe studies. The fact that garnets are more commonly

Fe
Figure 5. Mn-Fe-Mg composition trends of zoned garnets representative of
the three types prevalent in central Massachusetts
908 and 4F5 are
type A. 933B is type B. 407 is type C.

zoned than most other metamorphic minerals must be due to the slow rates of
diffusion of chemical components through the dense garnet structure as com
pared to most other minerals at the same temperature. Rather than a detri
ment, this slow diffusion is a benefit because it permits garnets to pre
serve in their interiors the evidence for metamorphic events earlier than
the events recorded by the exterior of the garnet and the surrounding matrix
of the rock (Hollister,1966;Tracy, Robinson, and Thompson, 1976; Thompson,
Tracy, Lyttle, and Thompson, 1977).
The chemical patterns of zoning in garnets from pelitic schists in vari
ous metamorphic zones in central Massachusetts are illustrated in Figure 4.
This image was once described as "a can of worms’' but the patterns can essentially be sorted out into three main types for which examples are given in
a chemical plot in Figure 5 and in spatial maps in Figure 6.
Type A garnets are illustrated by 908 and 4F5 in Figure 5 and by Figure
6A. These garnets occur mainly in Zones I and II. They characteristically
have spessartine-enriched cores,and rims which are enriched in almandinepyrope components. They appear to have grown under prograde metamorphic
conditions in which new material was added to garnet rims by reactions in
volving surrounding minerals, but in which the diffusion rate within garnet
was too slow to permit the interior to equilibrate with the exterior during
the metamorphism. In some examples (Thompson, Tracy, Lyttle
and Thompson,
1977) such garnets contain inclusions giving a record of lower grade meta
morphic assemblages quite different from the assemblages in the rock sur
rounding the garnet. The almandine-enriched outer rims in garnets 908 and
4F5 are at present controversial because it is not certain whether they re
present a change in the ruling prograde reaction affecting garnet or whether
they represent a retrograde equilibrium such as has affected type B garnets.
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Figure 6A. Contour maps
of mole % Fe, Mg, Ca,
and Mn in garnet 908,
Zone I, a typical type
A zoned garnet. The
assemblage is quartzmuscovite-bio titegarnet-staurolite.
Dots are analysis
points.

Type B garnets, which are most important in Zones IV and V, and are il
lustrated by 933B in Figures 5 and 6B, tend to have relatively homogeneous
almandine- and pyrope-rich cores with continuous rims of pyrope-depleted
spessartine-enriched composition.
If these garnets, once at lower grade,
had zoning patterns similar to Type A garnets,then such zoning has been re
moved by active diffusion at higher grade. However, these garnets may
have grown originally under different conditions so that they did not
inherit interiors with Type A zoning. The sense of composition change in
Type B garnets is almost exactly the reverse of the prograde change implied
by reaction 6) that best explains major changes in mineralogy between Zones
V and VI. This strongly suggests that the exteriors of the garnets were
affected by a retrograde continuous hydration reaction, essentially the
reverse of the prograde dehydration. The fact that the outer rims of the
garnets are continuous even when the grains have awkward anhedral shapes,
and that the rims are continuous regardless of what the garnet is touch
ing, are strongly suggestive that retrograde re-equilibration with the sur
rounding rock took place through the medium of a pervasive intergranular
fluid. This is also suggested by the homogeneous compositions of matrix
minerals such as biotite. The suggestion of the presence of a slight amount
of fluid during early stages of metamorphic cooling may be important in
understanding the degree of late stage recrystallization of mylonites and
the development of other late stage tectonic fabrics.

Figure 6B. Contour maps of mole % Fe, Mg, and Mn in garnet 933B, Zone IV,
a typical type B zoned garnet. Ca content varies little. The assemblage
is quartz-orthoclase-biotite-garnet-sillimanite. Dots are analysis
points.

The most spectacular examples of Type B garnets are to be found in the
Late Precambrian Mount Mineral Formation in the core of the Pelham gneiss
dome in Zone I. These rocks appear to have enjoyed a Late Precambrian or
Early Paleozoic metamorphism at least as intense as Acadian Zone VI and
then underwent partial re-equilibration under much more hydrous Acadian con
ditions of Zone I. Garnets from two such rocks are illustrated in Figure 4
and indicated with a "P". In the most extreme sample the relict cores are
pyrope 35 whereas the continuous rims and edges of biotite-filled cracks
are retrograded to about pyrope 12!
Type C garnets, which predominate in Zone VI and are illustrated by 407
in Figures 5 and 6C, tend to have homogeneous interiors like Type B, but
this homogeneous character also extends to the edge of the garnet, except
where the garnet is in direct contact with another ferromagnesian mineral
such as biotite or cordierite. Where such a contact does occur the garnetrim is enriched greatly in almandine and slightly in spessartine component.
In most cases the contacting biotite or cordierite shows a corresponding
local depletion in Fe and enrichment in Mg relative to the matrix biotite,
strongly indicating that a localized retrograde ion exchange reaction has
taken place near the mutual contact. Type C garnets were first described
in central Massachusetts and interpreted in this way by Hess (1971). The
absence of retrograde rims away from biotite and cordierite contacts sug
gests there was no significant amount of fluid present during retrograde
conditions to bring about equilibration between garnet exteriors and the
matrix minerals. This suggested shortage of fluid may explain why myIonites
in Zone VI tend to show a much weaker degree of metamorphic recrystallization
than do mylonites in lower grade rocks.
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Figure 6C. Contour maps of mole % Fe and Mg in garnet FW 407, Zone VI, a
typical type C zoned garnet. Ca and Mn content varies little. The
assemblage is quartz-orthoclase-biotite-garnet-cordierite-sillimanite.
Dots are analysis points.
ZONED GARNETS IN THE INTERPRETATION OF TEMPERATURE AND PRESSURE OF
METAMORPHISM
Estimates of temperature and pressure of metamorphism can be made by
comparing
compositions of existing minerals in rocks with theoretical or
experimental estimates of what those compositions should be under different
conditions. Whatever calibration is chosen, a chief problem is to know
which minerals were in equilibrium under the metamorphic condition being
studied, and whether the apparent equilibrium does in fact represent the
peak metamorphic condition of interest. The fictional ideal of two homo
geneous minerals quenched direct from peak metamorphic conditions is rarely
to be realized and any rock with two homogeneous minerals is always under
suspicion of having equilibrated under retrograde conditions. With this
in mind, a rock containing a zoned mineral such as garnet coexisting with
biotite is somewhat comforting for the simple reason that some of the prob
lems and pitfalls cannot be overlooked.
Under ideal circumstances with Type A garnets perfectly equilibrated
between their edges and the surrounding matrix, one could obtain the peak
conditions represented by the edge, and would have to forego other estimates
unless there were an appropriate suite of included minerals. If some Type A
garnets have retrograded rims, then they have some of the problems of Type B
garnets to be discussed below and geothermometry is that much more difficult.
The problems of interpreting Type B garnets, with their retrograde rims
formed by a retrograde continuous hydration reaction, are illustrated in a
simple K-feldspar projection in Figure 7. The initial peak metamorphic as
semblage consists of sillimanite, garnet G1 and biotite Bl. In the continu
ous retrograde reaction the outer part of the garnet reacts with matrix bio
tite to produce a new more-hydrated low temperature assemblage of silliman-
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Figure 7. Quartz + K-Feldspar
projections of garnet and
biotite compositions
involved in retrograde
reactions. Retrograde ion
exchange is typical of
Type C garnets of Zone VI.
Retrograde continuous
reaction, a net hydration
reaction is typical of
Type B garnets in Zones
IV and V.

RETROGRADE
CONTINUOUS
Mg

ite^garnet rim G2 and biotite B2. In estimating temperature using K^R-BK)
we can estimate the retrograde temperature using G2 and B2, but we cannot
estimate the prograde temperature because we do not have any biotite B1 left
to compare with the garnet core Gl. If we compare garnet core G1 with matrix
biotite B2 we get a synthetic temperature which is necessarily much higher
than the prograde temperature. The silliness of this is illustrated for
one of the two Pelham dome samples where pairing of the relict core of the
retrograded garnet with the matrix biotite gives a temperature estimate of
910°C! However, there are other aspects of retrograde continuous garnet
zoning that make the outlook somewhat less depressing than implied in Figure
7.
The interpretation of Type C garnets in their purest form is the most
straightforward of all. This is because both garnet and biotite are zoned
away from their mutual contacts. Comparison of G2 and B.2 at mutual contacts
permits estimation of the retrograde equilibration, whereas comparison of
Gl and Rl away from contacts permits estimation of peak metamorphic conditions. Several samples we have studied in Zone V seem to have some of the
features of both Type B and Type C garnets.
f

• •

Details of garnet zoning paths in terms of Mn, Fe and Mg are shown in
Figure 8 for one Type C and two Type B examples. In EW407 (Type C) the in
terpretation is simple. Fe-rich biotite in the matrix is paired with Mgrich garnet in the cores to give a peak temperature, whereas Mg-rich biotite
and Fe-rich garnet at the mutual contact give a retrograde re-equilibration
temperature. In 933B (Type B) there is only one biotite composition, now
in equilibrium with the garnet rim. The dashed line indicates a possible
peak metamorphic tie line to a fictive prograde biotite that is more
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160 C

60

Mg

Figure 8. Compositions of zoned garnets and coexisting biotites in three
rocks in central Massachusetts. 160 C is from polymetamorphic schist
of the Pelham Gneiss dome. Compositions are projected on an MnO, MgO, FeO
base from quartz, orthoclase, and sillimanite.
magnesian than the retrograde biotite. In 160C (Type B from the Pelham
dome) the one biotite composition (.Mg48) coexists with the garnet rim and
a fictive tie line extends from the garnet core to a fictiveprograde biotite
near M g ^ for a reasonable temperature.
In the following section a qualita
tive attempt is made, to model these garnet composition trajectories using
a theory of equilibrium and fractional metamorphic recrystallization and to
see what effect this modelling has on temperature estimates.
The Fe-Mg-Mn compositions of coexisting garnets and biotites in Zone IV
and V rocks can be qualitatively modelled in the system Si02-Al20~ K20-Mg0Fe0-Mn0-H„0 by considering SiO^, KAlSi^Og and Al^SiO^ to be in
. The
ana biotite then plot on the FeO-MgO-MnO plane, for which the FeO
corner is shown in Figure 8 and Figure 9. Compositions of the coexisting min
at constant pressure are controlled by temperature and hence essen
tiallv by KGAR-_BI0
and by aH20 which influences the progress of the con
tinuous dehydration (or hydration) reaction 6). There are many different
equilibrium projections for this plane dependent on temperature and al^O.
A set of diagrams representing a particular retrograde hydration sequence
from 700°C down to 600°C is given in Figure 9. It should be emphasized that
this is but one of a multitude of equilibrium sequences dependent on the rate
of temperature decline versus the rate of hydration. Another limiting exam
ple (not shown in the format of Figure 9 would be where retrograde hydration
takes place at constant temperature.
The sequence of
in Figure 9 is used to model garnet
num
compositions in Figure 10. In the upper part of Figure 10 the initial state
consists of one garnet composition, the most magnesian shown, and also one
biotite composition, also the most magnesian shown. These are assumed to be
in equilibrium at 700°C under the conditions shown in the top section of
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Figure 9. MnO, MgO, FeO
projections (see above)
showing a sequence of
equilibrium relations
for a single cooling
sequence involving
decline of T and
increasing activity of
H_0.

Figure 9. Two rock bulk compositions, both with the same minerals and on
the same tie line are evaluated, one rich in garnet and poor in biotite, the
other with about 60% garnet and 30% biotite. We now move to a new equili
brium at 675°C and more hydrated. Note that the two bulk compositions are no
longer on the same tie line. The rock with the higher biotite content has a
more magnesian biotite and a slightly more manganoan garnet (open symbols)
than in the more garnet-rich assemblage. Note also that during the equili
brium hydration reaction the amount of biotite increases and the amount of
garnet decreases in both samples. With further equilibrium hydration the
two paths representing two bulk compositions originally on the same tie
line diverge even more. Furthermore there is a greater change in garnet
composition in the garnet-poor assemblage and a greater change in biotite
composition in the biotite-poor assemblage. The lower half of Figure 10

CONST.
625°C

Figure 10. MnO, MgO, FeO projections (see above)
equilibrium garnet and biotite compositions for
hydration sequences and for two different bulk
region is zoning path of polymetamorphic garnet
V

showing sequences of
two different coolingcompositions each. Shaded
from the Pelham Gneiss dome.
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Figure 11. Illustration (in increments) of the theory of retrograde
metamorphic fractional recrystallization.
shows similar effects but using a retrograde hydration path at a constant
temperature of 625°C.
From these diagrams we note that the shape of the
equilibrium path is dependent on both the bulk composition and the range of
temperature change during hydration. Paths are more curved when garnet is
less abundant or temperature falls less.
The real production of retrograde-zoned garnet is not an equilibrium
process but a disequilibrium process.
As temperature declines diffusion
rates decline and this gives less and less of the total volume of garnet
a chance to equilibrate with the surrounding matrix. In much the same
way that igneous minerals grow coatings which prevent them from equilibrat
ing with the surrounding magma and thus causing fractional igneous crystal
lization, the exterior of the garnet acts as a coating to prevent equili
bration and thus causing fractional metamorphic recrystallization. Fractional metamorphic recrystallization of garnet removes some garnet from
the effective bulk composition at each stage,thus moving the composition
away from garnet and toward biotite along the tie lines.
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Although true fractional metamorphic recrystallization is a continuous
process, its nature can be understood in terras of a series of increments
as illustrated in Figure 11. Consider a peak metamorphic assemblage con
sisting of garnet Gl and biotite B1 (plus quartz, K feldspar, and silliman
ite) in rock of bulk composition 1. Move then to a retrograde condition
where part of the interior of the garnet is incapable of equilibrating with
the matrix, thus moving the effective bulk composition to 2. Then reequili
brate composition 2 to give garnet G2 on the outsides of the garnets and
homogeneous biotite B2 in the matrix. In the next increment even less of
the garnet is capable of reacting, thus moving the effective bulk composition
to 3. Effective bulk composition 3 then reequilibrates to give garnet G3
and biotite B3 and so on until the effective bulk composition includes no
garnet and reequilibration ceases.
In the natural continuous process the ef
fective volume of reequilibration in garnet decreases continuously, the effec
tive bulk composition moves away from garnet continuously, and edge garnet
and matrix biotite reequilibrate continuously.
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Figure 12. iApplication of retrograde metamorphic fractional recrystallization
theory to two cooling-hydration sequences. In each example fractional
recrystallization causes a more curved composition path than equilibrium
recrystallization. Shaded region is zoning bath of garnet 933B.
fe

Figure 11 has some important lessons for garnet-biotite geothermometry
in rocks that have undergone continuous retrograde hydration reactions. In
rocks with a garnet-rich effective bulk composition continuous retrograde
hydration will bring about large changes in matrix biotite composition,
while garnet rims change relatively less, thus opening the door to false
high temperature estimates based on garnet core and matrix biotite. In rocks
with a biotite-rich effective bulk composition continuous retrograde hydra
tion will bring about small or even negligible changes in matrix biotite
composition, while garnet rims change greatly, thus making possible quite
reasonable estimates of peak metamorphic temperatures, provided some of
the original garnet core is preserved.
Ferry and Spear (1978 ) seem to
have understood this principle well in designing their garnet-biotite equili
bration experiments. To get a minimum of disequilibrium garnet zoning and
a maximum equilibration of matrix biotite they chose garnet-rich bulk com
positions, just the opposite of the situation most favorable for geothermo
metry.
Fractional and equilibrium garnet compositional paths are compared in
two examples in Figure 12, together with the natural fractional path in
sample 933B. In each example the fractional path is more curved than the
equilibrium path for the same starting bulk composition, but the change of
biotite composition is less. The fact that the natural fractional path is
less curved than the model fractional paths seems to reflect the garnetrich bulk composition in this rock, as does the false peak metamorphic
temperature of 740° that was obtained, as compared to 650-675°C for more
biotite-rich rocks in this zone. The model paths can also be a result
of incorrect details in the equilibrium sections of Figure 9. In summary,
it appears that more quantitative modelling of retrograde garnet zoning
paths using diffusion data may ultimately yield some information on rates
of retrograde cooling and hydration.
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Figure 13. P-T diagram showing some estimated temperatures and pressures for
etamorphism base on individual specimens in central Massachusetts.
ates for Zones I-V are minimum pressures only, because
Typical pressure
assemblages have quartz-sillimanite-garnet only and do not have cordierite.
The same is true of the myIonite. Pressure estimates for Zone VI and for
one non-pelitic rock in Zone II are based on quartz-sillimanite-garnetcordierite. Zone I, open triangles; Zone II, closed triangles; Zone III,
open
; Zone V, open squares; Zone VI,
Zone IV, closed
triple points are from Richardson, Bell,
closed squares. Aluminum
and Gilbert (1969, RGB), Newton (1966-N) and Holdaway (1971-H)
With the preceding problems in mind we have prepared estimates of peak
metamorphic temperatures using the calibration of Thompson (1976) for a
number of garnet-biotite and garnet-cordierite rocks in each metamorphic
zone. These values have been plotted and crudely contoured in Figure 2B.
For those containing the assemblage quartz-sillimanite-garnet-cordierite, an
estimate of pressure was also obtained based on the theoretical calibration
of Tracy et al. (1976) and for those containing quartz-sillimanite-garnet
without cordierite an estimate of minimum pressure. These results are
plotted on a P-T diagram in Figure 13 together with several versions of the
Al-silicate triple point.

P3-21
Sillimanite

Figure 14. Quartz + K-feldspar
projection of sulfidic pelitic
schist assemblages from Zones
IV and V (dashed tie lines) and
Zone VI (solid tie lines). Pol
Cordierite indicates pyrrhotite-ilmenite
assemblages, PoR indicates pyrrh
otite-rutile assemblages, and
PyPoR indicates pyrite-pyrrhotit
rutile assemblages.
Garnet
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EFFECT OF SULFIDES ON THE ASSEMBLAGES OF SILICATES AND OXIDES IN PELITIC
SCHISTS
Sulfidic-graphite schists abound in central Massachusetts. These in
clude the well known pyrrhotite schists characteristic of the Middle Ordo
vician Partridge Formation and also the still more sulfidic White Schist
Member of the Paxton Formation. The latter was first defined by Field
(1975) and is now known to extend along strike more than half way across
the state. Regional studies now suggest it is certainly correlative with
the Silurian Smalls Falls Formation of northwestern Maine (see Trip P-4)
where Guidotti et al.(1975,1977,pers. comm. 1982)have done detailed petrolo
gic studies.The firstquantitative reports of these rocks in Massachusetts
were given by Tracy, Robinson and Field, 1976; Robinson and Tracy,1977; and
Tracy and Rye, 1981, and the following discussion is based mainly on those
reports plus other data in a detailed paper in preparation by Tracy and
Robinson.
The silicate assemblages in some sulfide-graphite-bearing pelitic
schists from Zones IV and V (dashed tie lines) and Zone VI (solid tie lines)
are shown in quartz + K feldspar projection in Figure 14. Zone V assem
blages include sillimanite-garnet-biotite-orthoclase in the Partridge Forma
tion and one sillimanite-cordierite-biotite-orthoclase assemblage from the
White Schist Member. The figure shows only one Zone IV assemblage of sillimanite-cordierite-biotite-orthoclase-muscovite from the White Schist Member.
Zone VI assemblages include slllimanite-garnet-cordierite-biotite-orthoclase
assemblages from the Partridge Formation, and a variety of sillimanitecordierite-biotite-orthoclase assemblages with different Fe/Mg ratios from
the White Schist Member. It is important to note that in this projection
under one condition of pressure, temperature and activity of H 2O or fluid
composition there should only be one equilibrium triangle for the sillimanite-cordierite-biotite assemblage, not the whole array shown. The variation
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Figure 15. Projections of mineral compositions from C-O-H fluid in the
s FeO-Fe20^-S and FeO-Fe203-TiC>2 using the method of Thompson (1972)
shown, hence,must be due either to different P-T conditions or different acti
vity of H 2O conditions at different outcrops. A model based on variable
aH20 is considered below.
Letter symbols in Figure 14 indicate the characteristic sulfide and Ti
oxide assemblage to be found in each group of silicate assemblages. The more
Fe-rich silicate assemblages contain pyrrhotite and ilmenite. Modestly Mgrich assemblages contain pyrrhotite and rutile, and the most magnesian assem
blages contain pyrite, pyrrhotite, and rutile. It is our purpose to explore
this systematic relationship below.
Thompson (1970) has shown how assemblages in the system Fe-O-C-H can be
conveniently projected from H2O and CO2 onto the line FeO-Fe202. In this
scheme of things^represented by the bases of both triangles m Figure 15,
To this base has
graphite projects at -1
and native Fe at -1/2Fe203
been added S so that we can see the relations between graphite, magnetite,
pyrrhotite and pyrite, and Ti02 so that we can see the relations between
graphite, magnetite, ilmenite, and rutile in equilibrium with C-O-H fluid.
In the upper part of Figure 16 the two parts of Figure 15 are combined in a
tetrahedron showing all significant graphite assemblages. These graphite
assemblages may also be shown more easily using a graphite projection onto
the triangular plane Ti02~S-Fe0 as in the lower part of Figure 16. To this
convenient graphite projection we may now add MgO and form a tetrahedron
Ti02-S-Fe0-Mg0 in which we may treat ferromagnesian minerals. The universal
ferromagnesian silicate in these assemblages is biotite which would appear on
or close to the FeO-MgO line by projection from quartz and K-feldspar. Aluminur saturation of biotite in such assemblages is provided by garnet, silli
cordierite or any combination of the three.
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Figure 16. Top: Combination of triangles
of Figure 15 into a tetrahedron FeOFe20^-S-Ti02. Assemblages with graphite
shown with heavy lines. Bottom: Proj
ection of graphite-bearing assemblages
from graphite onto the plane Fe0-S-Ti0o

Ilmenite

Pyrite
Pyrrhotite

Ilm enite

Ilmenite

Pyrite
Pyrrhotite
Pyrite

Pyrrhotite

Magnetite

Figure 17. Graphite-projected plane
Fe0-S-Ti02 with MgO added to show
ferromagnesian minerals. Further
projection from quartz and K-feldspar permits portrayal of biotite.
The volume of Figure 17 is filled by four phase assemblages and threephase tie planes as follows,beginnning in the Fe-rich corner. The most FeOrich rocks would have (graphite)-magnetite-pyrrhotite-ilmenite-biotite. We
have not definitely observed this assemblage in central Massachusetts, but a
comparable assemblage (graphite)-magnetite-pyrrhotite-ilmenite-gruneriteolivine (no quartz) has been described in the Littleton Formation in Zone II
by
Huntington (1975). Next comes a large array of three phase tie planes
(graphite)-pyrrhotite-ilmenite-biotite corresponding to the middle region of
Figure 14. This is followed by the four phase volume '(graphite)-pyrrhotiteilmenite-rutile-biotite and then the array of tie planes ( graphite)-pyrrhotite-rutile-biotite. For still more magnesian compositions there is the four
phase volume (graphite)-pyrrhotite-pyrite-rutile-biotite and finally the
array of tie planes (graphite)-pyrite-rutile-biotite. As will be discussed
below>the composition of biotite in equilibrium with ilmenite and rutile
(front face of tetrahedron) is a function of a dehydration reaction in which
the biotite becomes more Mg-rich with increasing grade. Similarly the com
position of biotite in equilibrium with pyrrhotite and pyrite (base of tetra
hedron) is also a function of a prograde reaction, in this case a mixed vola
tile reaction.
In order to understand more about the origin of these sulfide-rich rocks
we will now take a brief excursion into sedimentary geochemistry using the
bottom of Figure 17 as a chemographic. work space. Consider an environment
slightly below the ocean sediment interface in which organic matter, sulfurV
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reducing bacteria, and detrital ferromagnesian minerals are interacting. For
simplicity's sake, detrital grains can be considered as two extreme kinds,
fine-grained highly reactive grains and coarser detrital grains that resist
equilibration with interstitial fluid until low grade metamorphic conditions
are reached. To further simplify, assume that all detrital grains have the
same Mg/(Mg + Fe) ratio of .50 as illustrated in Fig. 18A. In the early
diagenetic stages reactive detrital grain; are attacked by fluids or sulfurreducing bacteria to produce an assemblage of pyrite plus iron-depleted Mgrich silicate grains having a bulk composition on the line between the detri
tal composition and S. Between diagenesis and low grade metamorphic re
equilibration the pelite would contain three significant components, pyrite,
reacted Mg-rich silicate, and non-reacted Fe-Mg silicate. During low grade
metamorphism the reacted and non-reacted silicate components would equili
brate to produce a mean ferromagnesian silicate composition coexisting with
pyrite.
Sulfur isotope data (Tracy and Rye, 1981) is consistent with a model
in which a diagenetic reaction occurs between sedimentary sulfur, reactive
detrital ferromagnesian grains and organic carbon. All of the analyzed sul
fides from White Schist Member samples have 6 ^ S ranging from -25%©to -29%
These very light sulfur values could only have originated through bacterial
reduction of porewater sulfate in an open-system sedimentary environment.
Sedimentary sulfides form from reaction of bacterially-produced H 2S and
reactive detrital iron-bearing minerals (Berner, 1971). A modern analogue
of this process can be found in the highly reducing deep zones of the Black
Sea, where sedimentary sulfides have virtually identical values to those in
the White Schist Member.
Figure 18B illustrates the possible variability of low grade pyrite plus
ferromagnesian silicate rocks produced by the processes described above.
Double-dashed lines illustrate the variable bulk compositons attainable from
fixed detrital compositions of Mg25 Mg50 and Mg.75 and proportions of reactive
grains ranging from 0 to 100%. The heavy-dashed lines illustrate yariable
bulk compositions attainable with constant proportions of reactive grains of
50% and 10%,but with variable detrital compositions. The combination of
variable detrital compositions and variable proportions of reactive grains
can produce a very wide range of low-grade bulk compositions in the FeOMgO-S triangle available for higher-grade reactions.
The continuous Fe-Mg reaction controlling the composition of biotite in
equilibrium with ilmenite and rutile in Figure 17 is illustrated,in terms of
XMg versus temperature, and fluid composition versus temperature, in Figure 19
(left). Although ilmenite can have some Mg it is probably greatly exaggera
ted in this figure and the end member reaction involving geikielite is pro
bably never realized under geologic conditions. The graphite-saturated fluid
composition is expressed in terms of the ratio CO2/(CO2+ H^0). It is possi
ble for this to go to negative ratios (not shown), indicating a methane compo
nent.
Individual isopleths are shown for biotites of different
Since
the reaction is a dehydration the isopleths have maxima at C02/(C02+ H 20)=0.
The continuous Fe-Mg reaction controlling the composition of biotite in
equilibrium with pyrite and pyrrhotite is illustrated, in terms of X^g
temperature, and fluid composition versus temperature, in Figure 19 (right).
Although pyrrhotite might have a tiny amount of Mg, the idea of an Mg "pynho
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Bulk Composition:
Pyrite + Reacted Grains

Reacted
Detrital Grains

Reactive and Non-Reactive
Detrital Grains
(Single Detrital Source)

Detrital Source Compositions

Figure 18. Diagenetic and metamorphic evolution of sulfidic shale portrayed
in graphite projection on the plane FeO-S-MgO.
A) Reaction of detrital grains with sulfur (H2S, etc.) to produce sediment
with three components; pyrite, reacted detrital grains, and non-reacted
detrital grains.
B) Range of low grade schist bulk compositions dependent on detrital
source composition and percent of reactive grains
C) Progress of continuous devolatilization reaction
Fe-richer biotite + pyrite + graphite =
pyrrhotite + K-feldspar + Mg-richer biotite + 2H 2O + 3C02
across various bulk compositions.
D) Termination of the continuous reaction when all Fe is removed from
biotite. Note that pyrite is still retained in some bulk compositions
and is even more abundant than pyrrhotite in some.
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Figure 19. Temperature-composition diagrams and temperature- fluid composition
diagrams for biotite in equilibrium with rutile-ilmenite (left) and pyritepyrrhotite (right). The fluid is C-O-H fluid in equilibrium with graphite
and the ratio CO2/(CO2+H2O) can range from -1 to +1, but only the positive
region is shown.
tite" end member is ludicrous for metamorphic conditions, but the biotite
limb of this "fat man" (A.B. Thompson, pers. comm. 1977) is illustrative of
what goes on. This reaction is a mixed volatile reaction consuming both t^Obearing biotite and graphite to produce H20 and CO2 in a ratio of 2 to 3.
On the fluid composition diagram isopleths of constant Mg content of biotite
go through maxima at 60% CO2. Since primary fluids were probably H20-rich,
this reaction can enrich the fluid in CO2, thus reducing aH2O and providing
for variability in the silicate assemblages.
The progress of the biotite-pyrite-pyrrhotite equilibrium through a
range of bulk compositions is illustrated in Figure 18 C and D. This permits
one to observe directly the effect of bulk composition and particularly pro
portion of primary reactive grains on the sulfide-silicate assemblages pro
duced in later metamorphism.
In Figure 18C the pyrite-pyrrhotite equilibrium
has progressed part way across the diagram, and there are three assemblages:
pyrrhotite-biotite, pyrrhotite-pyrite-biotite, and pyrite-biotite. Note in
particular that in the pyrrhotite-biotite assemblage in rocks of the same
bulk Fe/Mg ratio, those with a large amount of pyrrhotite will have more
magnesian silicates. This effect has been well noted in modes by
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T

Figure 20. Temperature-composition
diagram (bottom) for the cordierite
line in the. quartz and K-feldspar
projected system Si02-Fe0-Mg0-Al203~
K20, showing three T-X loops. On
left: biotite + sillimanite = garnet
+ K-feldspar + H20 (reaction 6). On
right: biotite + sillimanite = cord
ierite + K-feldspar + H20 (reaction
7). In middle: cordierite = quartz
+ garnet + sillimanite + H 20. At
top is temperature- fluid composition
diagram for reaction 7 with isopleths
for XMg biotite.

Biotite +
Sillim a n ite
0

C0 2/ ( C 0 2 + H 20 )

0

M g / ( M g + Fe)

A

T

100

Henry and Guidotti (1981), and Mohr and Newton (1981). In Figure 18D the
pyrite-pyrrhotite reaction has gone virtually to completion so that pyrrho
tite and pyrite coexist with essentially end member silicates. It will be
noted that for some bulk compositions originally very rich in reactive sili
cate grains there is not enough Fe in the bulk silicate composition to make
more than a token amount of pyrrhotite even at very high grade. This appears
to have been the case at the outcrop we will visit at Stop 4, where we ori
ginally reported that there was no pyrrhotite at all (Tracy et al., 1976).
We now think that the variable compositions in sillimanite-cordieritebiotite-orthoclase assemblages may be a direct consequence of their variable
sulfide content and variable progress of the mixed volatile pyrrhotite-producing reaction which dilutes H20 with C02 in the fluid phase. The control
ling silicate reaction [see reaction 7) above] is shown in terms of XMg and
temperature and in terms of fluid composition in Figure 20. This is a con
tinuous dehydration reaction and hence attains a maximum temperature in the
presence of H20-rich fluid. Because of the Fe/Mg distribution between bio
tite and cordierite this reaction begins at lowest temperature in pure Mg
compositions and, proceeds thence to more Fe-rich compositions. This is re
flected in biotite composition isopleths on the fluid composition diagram.

V

P3-28
\

\

\
\

/
/
//
/
/
85 80

•

I
I
'
I
'\I
I

•

II
II
\ I
\I

*•

T

■

V

-

/

»I
II
N \
I
I
>
I
V• ' ,
I
I
\
11
\
•
I
I
I 11
11
\'
\II
I
•
I
I
\'
'.\ . \ M
il
\ i» «11
\' il
‘ 11
\\
!1
' ,•V\I’ *
i1
:11
'WV’I'
N

\

\

J

\

V

•.

■.

•

-

l >

\

■

\

.

0

C 0 2 / ( C 0 2 + H 20 )

Figure 21. Temperature-fluid
composition diagram for sili
cate reaction 7 and the
pyrite-pyrrhotite-biotite
reaction. Isopleths show XMg
of biotite in equilibrium
with various fluids and
either sillimanite-cordieriteK-feldspar-biotite or biotitepyrite-pyrrhotite. Dark lines
show equilibrium fluid paths
for five different compositions
of sulfidic schists.
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Figure 21 is a fluid composition diagram combining the biotit
e
composi
o
s
i
t
c
m
pion isopleths of the pyrrhotite-producing reaction in Figure
(right)
with the biotite isopleths of the biotite + sillimanite = cordierite +
K feldspar reaction of Figure 20. The evolution of five different sulfide
bearing rocks is illustrated,each with a different amount of sulfide and
hence a different composition of low grade metamorphic silicate. The rock
with the least magnesian metamorphic silicate encounters the pyrrhotiteproducing reaction
causing the fluid to become enriched in CC>2 and
for the biotite composition to become more Mg-rich until all pyrite is used
up with biotite XMg.56. Two more-magnesian bulk compositions produce pyrrho
0. Two
tite until all pyrite is used up with biotites at Xp[g *65 and
still more magnesian
bulk compositions only begin to produce
pyrrhotite at very high metamorphic grade and still have plenty of pyrite.
left with biotites of XMg .95 and .99. It is now easy to see that the
total history of sulfide-silicate interactions has produced an array of bio
ratios and also an array of CO2 contents in the metamorphic fluids
with
s magnesian biotites corresponding to more CC^-rich fluids. This
array then encounters the fluid dependent silicate reaction at a tempera
ture close to the beginning of reaction for pure Mg silicate and ^O-rich
fluid. This is also the temperature for the beginning of reactions for
more Fe-rich compositions where the reaction temperature is lowered by CO2
in the fluid. The end result of this speculation is that it appears possible
for every bulk composition to lie within the pseudo-binary silicate loop
provided the fluid composition is right.
a

Although we have previously described the metamorphic fluid as a
C-O-H fluid, it actually contains hydrogen sulfide. Fluid composition in
FW-882, an assemblage containing pyrite + pyrrhotite + graphite, was calcu
lated by Tracy and Rye (1981); at 650°C and 6 kilobars, the log f02 was -18.9
and the mole fractions of species in the fluid were: H 2O 0.68, CO2 0.18,
H2S 0.12, CHu 0.02, H2 0.003. The calculation of fluid composition for the
assemblage pyrrhotite + graphite under the same conditions shows that the
ratio of H 2O and CO2 is approximately the same, but XH2S drops to about 0.02.
High H 2S in the first fluid is a direct result of the high fs2 which is buf
fered by pyrite + pyrrhotite.
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Figure 22. Mg/(Mg+Fe) and Ti/11 oxygens for biotites in alumina-saturated
and titania-saturated schists in central Massachusetts as shown by presence
of Al-silicate, garnet, or staurolite and ilmenite or rutile respectively.
Zone I, open triangles; Zone II, closed triangles; Zone III, open circles;
Zone IV, closed circles; Zone V, open squares; Zone VI, closed squares.
Magnesian compositions from Zones II and III are from the Smalls Falls
Formation in Maine (Guidotti et al., 1977).

An indication of much higher Xt^S in the rocks containing pyrrhotite +
pyrite occurs in the form of sulfur-bearing cordierite. Probe analyses of
cordierites in all the pyrite + pyrrhotite assemblages yield t^S of about 2
weight %. On the other hand, sulfur has not been found in coriderite from
any rock in which only pyrrhotite occurs no matter how much modal pyrrhotite
there is. Apparently the cordierite is able to accomodate H 2S in its struc
tural channels, but only when the XL^S of the fluid is exceptionally high,
as in pyrite + pyrrhotite-bearing rocks.
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RELATION BETWEEN Ti CONTENT AND Fe-Mg RATIO

IN BIOTITES

The sulfide-silicate relations and rocks described above provide biotites of a wide range of Fe-Mg ratios all in equilibrium with quartz, musco
vite or K feldspar or both, Al silicate, and a Ti mineral, either ilmenite
or rutile. Guidotti et al.
(1977)
recognized the potential for study
ing the effect of Fe-Mg ratio on Ti content of Ti-saturated biotites in the
Smalls Falls Formation in Maine and showed that biotites of the same meta
morphic grade show a dramatic decrease in Ti content with increasing Mg ratio.
They reasonably ascribed this to size limitations in the biotite structure.
Equivalent biotites in central Massachusetts show an even wider range of com
positions and metamorphic grades, as illustrated in Figure 22 [we have added
Mg-rich samples from Maine in Zones II and III to fill out the picture]. Al
though there are local irregularities, the overall trend of increasing Ti
content with metamorphic grade and decreasing Ti with Mg content are dramati
cally borne out. Intermediate biotites from Zone VI contain 2-3 times as much
Ti as Zone II biotites from both Massachusetts and Maine, and the same is
true of Mg end members from Zone VI as compared with a projected Mg-end mem
ber composition from Maine.
RELATIONS BETWEEN METAMORPHISM AND TECTONIC DEVELOPMENT
The central Massachusetts-northern Connecticut Acadian metamorphic high
occurred in a region dominated by three major episodes of Acadian deformation:
1) regional nappes with east to west overfolding of tens of kilometers, 2)
west to east backfolding of previous axial surfaces on a scale of tens of
kilometers,with development of a powerful east-west trending linear fabric
and synchronous ductile mylonite zones, and 3) a pattern of tight folds and
linear fabrics associated with gravitationally induced rise of gneiss domes
in the Bronson Hill anticlinorium. On the west side, the metamorphic high
has an overhang of hotter rocks overfolded onto cooler rocks as a result of
the early nappes. On the east side the high also overhangs, probably as a
result of backfolding.
i

Before and during the early nappe stage the region was intruded by a
variety of sheet-like calc-alkaline plutons ranging in composition from
gabbros through voluminous biotite tonalites to granites, generally yielding
intrusion ages around 400 m.y. Evidence for early low pressure metamorphism
is preserved in the widespread occurrence of sillimanite pseudomorphs after
andalusite (Figure 2A) and at least one relict contact metamorphic aureole
adjacent to augite-hornblende diorite (Shearer and Robinson, 1980). Peak
metamorphic conditions were attained early in the backfold stage over a
broad region east of the gneiss domes, resulting in widespread sillimaniteorthoclase-garnet-cordierite assemblages in pelitic schists and rare ortho
pyroxene- augite-orthoclase-garnet assemblages in felsic Volcanics. Detailed
geothermometry and geobarometry suggests peak metamorphic temperatures up to
740°C and pressures of about 6.4 kbar, with abundant evidence for local
fluid-absent melting. At many locations the peak metamorphic fabric is cut
by ductile mylonites containing the east-west linear fabric of the late backfold stage. The planar and linear fabric of the mylonites is deformed by
north- and northeast-trending minor folds and axial plane foliation associa
ted with the dome stage of deformation.
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Figure 23. Sketches from two oriented thin sections of a single chip of
myIonite from Stop 6. Left-hand section (about 9 mm wide) shows lower
contact of mylonite and is perpendicular to quartz rodding in the mylonite
Schist below the mylonite is strongly sheared and contains the doublyplunging nose of a northeast-trending fold in ribbon quartz. The schist
also contains garnet, not present in the host of the analyzed sample.
Right-hand section (about 12 mm wide, same scale) is entirely within
mylonite and is perpendicular to axes of northeast-trending folds in
ylonitic foliation.
The mineral assemblages produced by recrystallization of fine-grained
material in mylonites represents an unusual opportunity to study a metamor
phic facies produced in a. similar bulk composition under different metamor
phic conditions. The mylonites recognized in Zones IV and V look fine
grained in outcrop but appear recrystallized to reasonable grain size in
thin section. The mineral assemblages in these mylonites have garnet compositions similar to retrograde rims in the same region. One Zone V mylonite has secondary muscovite of two kinds, a low Ti muscovite replacing K
feldspar and a high Ti muscovite associated with matrix biotite that is
very like the highest grade prograde muscovites from Zone IV.
The mylonites recognized in Zone VI tend to be much finer-grained and recrystallization is recognized only under high power. It seems probable that
this lesser degree of recrystallization is related to less or no interstitial
fluid, as suggested by the features of Type C garnets. A continuous 1.5 cm
thick mylonite at Stop 6 has been investigated in detail. The mylonite lies
within a layer of sillimanite-cordierite-biotite-orthoclase schist in an out
crop with abundant coarse-grained sillimanite-gamet-cordierite-biotite
schist and cordierite-bearing pegmatite. The mylonite contains porphyroclasts of feldspar and cordierite set in a very fine but strongly oriented
pleochroic matrix dominated by biotite with extremely fine-grained feldspar,
quartz, and an Al-silicate that is probably sillimanite. Locally within the
matrix are tiny anhedral garnets, some with oriented inclusions suggesting
the garnets grew at. the same time the mylonitic foliation was being deformed
in a series of tight northeast-trending folds. Typical mineral assemblages

P3-32
Sillimanite

Cordierite

Figure 24. Quartz + K-feldspar
projection of mineral compositions
at Stop 6., including garnetcordierite gneisses (light dashed
lines), the mylonite host, and
the mylonite.

in Zone VI as well as the assemblage of the mylonite host rock are shown in
Figure 24, together with the mineral assemblages of the mylonite which seems
to have the same bulk composition as its host. The garnet is slightly more
pyrope-rich than garnets elsewhere in the outcrop, the biotite is dramati
cally more Mg-rich (and Ti-poorer) than the biotite of the host rock. The
garnet-biotite
suggests recrystallization at about 550°C and if interpre
ted in the usual way, would suggest a recrystallization pressure as high as
7-8 kbar (Figure 25). This is in a region where a number of rocks contain

Figure 25. Contrasting P-T
trajectories for rocks in the
Bronson Hill anticlinorium
and Merrimack Synclinorium.
Synclinorium rocks passed
through the andalusite zone
en route to peak conditions
at 675°C and 6.3 kbar.
Assemblage in mylonite
suggests it recrystallized
at 550°C and 7-8 kbar.
Anticlinorium rocks reached
about 6 kbar through the
kyanite zone, then moved
barely into the sillimanite
zone where some formed
cordierite by unloading.
In cooling the kyanite zone
was again entered as shown
by kyanite-chlorite-quartz
replacement of cordierite.
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B a c k f o ld

D om e

Figure 26. Tectonic cartoons and
P-T diagrams to show the relations
between regional tectonics and
metamorphism. P-T trajectories
are shown for three locations in
the structure that currently lie
on the earth's surface. A meta
morphic field gradient connecting
points on the present surface is
shown in its various prior spatial
and P-T orientations.

S ta g e

S tage

Recrystallized Mylonite

sillimanite pseudomorphs after andalusite suggesting earlier low pressure
crystallization.
Complimentary to this evidence of increasing pressure of metamorphism
east of the gneiss domes, development of late cordierite and cordierite +
corundum reaction rims on sillimanite in gedrite gneisses in the domes is
evidence of tectonic unloading related to doming (Robinson and Jaffe, 1969a;
Schumacher, 1980). This "dome path", as illustrated also in Figure 25, is
further constrained by the occurrence of retrograde inergrowths of kyanitechlorite-quartz as an alteration of large cordierites in the same out
crops .
An attempt is made in Figure 26 to relate metamorphism as reflected in
metamorphic trajectories of rocks from three different metamorphic zones to
tectonic development.
In the nappe stage we see rocks to the. east and high
in the nappe pile, undergoing metamorphism in the andalusite, zone while,
rocks close to dome basement at the bottom of the pile form kyanite, In
the backfold stage the previous high level rocks are pushed down rather dra
matically to much deeper levelsas they reach the peak of metamorphism,
whereas those close to dome basement move only slightly. In the dome stage,
mylonites in the eastern zone seem to have been pushed to even higher pres
sures, while the rocks near the domes went through release accompanying the
rise of the domes. Meanwhile rocks situated in an intermediate position may
have followed a path more or less down and then up the same geothermal gra
dient .

V
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Figure 27. Contrasting relationships of metamorphism and plutonic activity
with respect to tectonic stages in the Bronson Hill anticlinorium and
Merrimack Synclinorium, central Massachusetts.

We have speculated as to how the central Massachusetts rocks got to gran
ulite facies conditions in the first place. One possibility is that the
rocks suffered rather massive dehydration and melting at the time they were
at relatively high level in the nappe stage. Once large amounts of ^O-rich
fluid had been driven or melted out at high level, the rocks would have been
pre-treated for the high pressure dry conditions needed to obtain assemblage
characteristic of the granulite facies.
The late Acadian Belchertown pluton truncates isoclinal folds of early
stages within the regional kyanite zone. A linear septum of mica schist in
the pluton records a progressive inward increase in metamorphic grade from
kyanite to sillimanite-staurolite to sillimanite-muscovite zones. The inner
end is a schist free of muscovite and of K feldspar (which may have been
melted away) with very abundant sillimanite pseudomorphs after andalusite.
A primary core of orthopyroxene-augite quartz monzodiorite yields a zircon
age of 380. m.y. (Ashwal et al. 1979). The outer part of the pluton has
been metamorphically hydrated to hornblende gneiss with development of
planar and linear fabric identical to the dome stage fabric of the coun
try rocks. A K-Ar age of 361 m.y. on metamorphic hornblende from this
gneiss suggests the end of dome-stage recrystallization. Thus, the Aca
dian deformation and metamorphism was complex and protracted over a period
of at least 40 million years.
I

Figure 27 shows some of these temporal relations and also contrasts the
metamorphism in the eastern part of the area in the Merrimack Synclinorium
with that in the Bronson Hill anticlinorium.
In the east contact metamor
phism associated with plutons seems to have been heavily overprinted by the
regional peak which was overprinted by mylonites.
In the west the Belcher
town intrusion seems to have caused a local peak stronger than the slightly
later regional recrystallization associated with the dome stage.

AI2O3+

Figure
Quartz
plagioclase projection
showing assemblages
m
etamorphosed mafic

+ 2HO2 - Nc^O - CaO

S IL L IM A N IT E

Zones
STAUROLITE

CORDIERITE

PROGRESSIVE METAMORPHISM OF MAFIC AND FELSIC IGNEOUS ROCKS
Fairly extensive studies of metamorphosed mafic rocks, particularly
Ca-poor amphibolites, have been done or are being done in Zones I and II
(Robinson and Jaffe 1969a, 1969b; Robinson et al., 1971; Schumacher, 1980a
1980b, 1981a, 1981b, 1981c) and will not be touched on here. Data from pre
liminary work on assemblages in Zones IV and V are plotted in a modified
plagioclase projection in Figure 28. Analytical data have been published by
Robinson, et al. (1969), mineral data have been given by Robinson and Tracy
(1979), a more detailed exposition is given by Robinson et al. (1981), and
new data have been added by Hollocher. The diagram shows five key assem
blages, most of which coexist with quartz and plagioclase.
1) Sillimanite-staurolite-cordierite-garnet in non-pelitic aluminous
gneiss. (12 miles north northeast of Stop 1).
2) Cordierite-garnet-gedrite with retrograde staurolite and kyanite (?)
(dashed tie lines) (two miles north of Stop 1).
3) Gedrite-garnet-orthopyroxene with minor anthophyllite enclosed in
gedrite (0.2 mile north of Stop 2).
4) Orthopyroxene-cummingtonite-hornblende (two miles north Stop 1)
5) Anthophyllite-primitive cummingtonite-hornblende (Robinson et al.,
1969, 6 miles north of Stop 1).
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Al203+ Fe203+ 2Ti02 Na20-C a0
SILLIMANITE
Figure 29. Quartz and plagioprojection showing
assemblages in metamorphosed
mafic
felsic igneous
Zone VI.

CORDIERITE

ANTHOPHYLLITE?...

FeO +

MgO

CUMMINGTONITE
HORNBLENDE
AUGITE

There are three changes in these rocks as compared to comparable rocks
at lower grade: A) garnet-cordierite tie lines prevent gedrite from occur
ring with sillimanite or staurolite, B) Orthopyroxene replaces cummingtonite
by a continuous Fe-Mg reaction and has relaced the iron-rich end of the
field, and C) Cummingtonite in equilibrium with anthophyllite and horn
blende has moved to more Mg-rich compositions.
Data from assemblages in Zone VI are plotted in Figure 29. These in
clude pelitic garnet-cordierite assemblages permitted by the sillimanite +
biotite = garnet + cordierite + K feldspar reaction. Orthopyroxene has
moved to much more magnesian compositions, but cummingtonite still persists
(see description of Trip P-4, Stop 7). One garnet-orthopyroxene assemblage
found by Hollocher not only has quartz and plagioclase but orthoclase and
biotite, indicating reaction toward the most characteristic granulite facies
assemblage.
In lower alumina compositions hornblende breaks down by a con
tinuous Fe-Mg reaction to orthopyroxene-augite-plagioclase. In the outcrop
at Stop 9, the hornblende breakdown reaction has already passed the bulk
composition, leaving orthopyroxene (En 52) -augite-plagioclase plus secondary
cummingtonite and hornblende.
#

Experimental data at 4900 bars on the breakdown of Fe-Mg cummingtonite
in the presence of H2O-rich fluid (Fonarev and Korolkov, 1980) suggest cum
raingtonite with XMg of .425 would break down to orthopyroxene + quartz at
780°C. Both the more magnesian composition of cummingtonite and the sug
gested lower temperature of around 700°C in Zone VI point up the fact that
the fluid, if any, would have had a greatly reduced H 2O content.
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ROAD LOG FOR TRIP P-3

The entire route and part of the approach for trip P-3 is shown in
Figure 30. Roughly one hour should be allowed for the drive north from
Storrs, Connecticut to the rendezvous at Stop 1 at 9:00 A.M. The approach
is northwest from Storrs on Route 195 to Route 32 and then north via Route
32 through Stafford Springs Connecticut and Monson, Massachusetts. When
Route 32 merges at a sharp left (west) turn with U.S. Route 20 West take
the next sharp right turn onto Breckenridge Road. This shortcut (dash-dot
line) takes one directly north over an overpass of the Mass. Turnpike and
directly back to Route 32 in Palmer Center, thus avoiding downtown Palmer
and traffic lights entirely. Continue north on Route 32 to Ware Town Line
and 0.4 mi. beyond to railroad underpass.
0.0

Begin road log at railroad underpass, Route 32 (see B on Fig. 30).

0.1

Bridge over Ware River.

1.2

Crossroads, turn sharp left (north) on Anderson Road

1.5

Road cut in Monson Gneiss on right.

2.2

Stop sign at T junction with Route 9. Turn left (west) on Route 9.

2.8

Large Road cut on right (north) side. This is Stop 1.
tinue west to safe place for turnaround.

3.1

Small tarred driveway entrance to garage permitseasyturnaround
straight stretch. Return west on Route 9.

3.4

Road cut on left (north) side of highway.
possible and cross highway with care.

Pulloff

However con

on

as far toright as

(30 minutes approximately) (Winsor Dam Quadrangle) Middle Ordovician
Partridge Formation exposed in the center of the Greenwich syncline on the
crest of Brimstone Hill. This exposure shows a selection of lithic types
typical of the Partridge Formation in the Quabbin Reservoir area, parti
cularly in the lower part of the section close to contacts with Ammonoosuc
Volcanics or Monson Gneiss. The exposure (Figure 31) consists of about 50%
sulfidic schist and 50% metamorphosed Volcanics including both felsic gneiss
es and amphibolites. These are strongly folded about north-south trending
subhorizontal fold axes of the dome stage. Most of the rocks, including a
variety of recrystallized mylonites, contain a strong subhorizontal mineral
lineation parallel to folds of the dome stage.
Proceed to east end of cut (beyond edge of drawing) where best mica
schist is exposed. The assemblage here, typical of Zone V, is quartz-orthoclase-garnet-biotite-sillimanite-graphite-ilmenite-pyrrhotite (sample 507B
of Tracy, 1978). The rock has a mylonitic aspect and most of the orthoclase
is concentrated in watery clear megacrysts with crushed borders set in a
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Figure 30. (opposite) Bedrock geologic
map of south-central Massachusetts
showing route of Trip P-3 and location
of stops. For explanation see
Figure 1.
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finer lineated matrix crammed with fine prismatic sillimanites. The garnet
shows only a modest amount of retrograde zoning with compositions of core
and rim( ) as follows:Almandine 76.5 (78,1), Pyrope 16.2 (14.5), Spessartine 3.7 (3.8) Grossular 3.6 (3.7) Biotite has XM g of .460 and Ti/11 Oxyof .211. The orthoclase has a composition Or 85.7, Ah 13.5, An 0,
Cn 0.8 and the plagioclase is An 27.9 Ab 70.5, Or 1.6. The orthoclase
lattice parameters indicate an intermediate orthoclase structural state.
The ilmenite is about 96% FeTiO^, 3%Fe^O^ and 1% MnTiO^. The rock is ex
tremely rich in biotite and poor in garnet and yields an estimated pro
grade Gar-Bio temperature of 660°C and a retrograde temperature of 620°C.
The biotite-garnet-feldspar gneiss in the eastern half of the drawing
is interpreted as a metamorphosed peraluminous volcanic rock. The potassic
feldspar in this rock has the composition Or 91.9, Ab 6.7, An 0, Cn 1,4 and
has the structural state of microcline as compared to orthoclase in the ad
jacent schist.
In the outcrops studied in the region it is usual for the Kfeldspars in felsic gneisses to have a lower structural state than those
produced in pelitic schists at the peak of metamorphism.
The amphibolite in the central part of the outcrop is dominated by
brownish-green hornblende but contains modest amounts of brown cummingtonite
which are particul
arly abundant and coarse in cross-cutting felsic patches
interpreted as. incipient melt segregations. The. Mg-rich cummingtonite can
be considered as a product of the following prograde dehydration reaction:
Aluminous hornblende + quartz =
cummingtonite. + plagioclase + less aluminous hornblende. + H^O,
or as a product of a similar reaction producing plagiclase-rich melt. At
this grade orthopyroxene + quartz is already stable in more. Fe-rich bulk com
positions (see Figure 28) and at higher grade would proxy for cummingtonite
in the above equations, making them into more significant dehydrations.
The amphibolite near the eastern end of the outcrop contains patches
with the assemblage, hornblende-garnet-cummingtonite but these are collected
with difficulty. The felsic gneiss at the east end of the cut appears to be
a metamorphosed rhyolite.
Proceed east on Route 9.
4.3

Ware Center

4.6

Small road cut on left in hornblende amphibolite, of Monson Gneiss. Con
tains coarse segregation pegmatites of quartz, blue gray plagioclase, and
cummingtonite.

4.8

Outcrops at and beyond crest of hill.
east contact of Monson Gneiss.

5.1

Turn right (south) in sharp turn onto Gould Road (not Gould Street)

5.6

Turn right (west) through gate into parking lot of Ware High School.

This is Stop 1 of Trip P-4 at the
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Stop 2. (40 minutes approximately including time for maps, discussion, etc.)
(Winsor Dam Quadrangle) Middle Ordovician Partridge Formation exposed in
man-made exposures in the
"Ware High School Belt." This schist, somewhat
higher grade than at Stop
1. is interesting in that it contains two differ
ent sillimanite lineations, an earlier E-W trending lineation of the backfold stage, and a later, more prominent, southwest-plunging lineation of
the dome stage.
The assemblage here is quartz-orthoclase-garnet-biotite-sillimanitegraphite-ilmenite-pyrrhotite (sample. D23, unpublished data). Here the orthoclase is finer-grained and in the matrix along with
beautifully formed
small sillimanite prisms and rare garnets. The garnet is zoned with three
significant different compositions at the core, at the rim adjacent to
quartz and feldspar [
] and at the rim adjacent to biotite (
) as
follows: Almandine 74.7 [75.2](78.2), Pyrope 18.6[16.8](13.1), Spessartine
4.0 [4.3](5.3) and Grossular 3.3 [3.7](3.5). The matrix biotite has X^ of
.489 and Ti/11 Oxygens of
.240, but close to garnet contacts XM g goes ®up to
.536 with Ti down to .197. Thus the garnet at this locality seems to have
some of the aspects of both Type B and Type C garnets with slight zoning
around all edges, but with much stronger zoning adjacent to biotite. The
temperature estimate based on garnet core and matrix biotite is 665° C, while
garnet rim vs biotite rim yield 520°C. The ilmenite in this rock is about
96% FeTi03, 2% Fe203, 1% MgTi03 and l%MnTi03. The orthoclase is Or 87.6
Ab 11.6 AnO Cn 1.1 and the plagioclase is An 29.7, Ab 71.6, Or 0.6.
5.7

Leave parking lot.

Turn left(north) on Gould Road.

6.3

Return to stop sign atRoute 9.

Turn right (east) on Route 9.

7.1

Junction with Route 32in Ware.
and 32.

8.7

Turn left off of Route 9 and proceed north on Route 32.
Town Line.

10.5

New Braintree Town Line. High hills to left are held up by tonalites of
the Hardwick pluton, the largest pluton in central Massachusetts.

Continue straight (_east) on Routes 9

West Brookfield

11.7 Turn right (east) onto New Braintree Road just before Route 32 crosses
Ware River.
13.7

Park right on New Braintree Road at junction where Tucker Road comes in
from south. Note large, rounded outcrop in pasture to southwest. Walk
south on Tucker Road to opening in fence thence southeast and west to
top of knob, thence north to best part of outcrop.
t

Stop 3 (30 minutes approximately) (Ware Quadrangle) Littleton Formation in
the Big Garnet syncline. This rock unit has been traced more or less con
tinuously from the Ware Quadrangle at least as far north as Route 2. Its
structural setting is discussed under Stop 5 of Trip P-4 and illustrated in
Figure 10 of trip P-4. The rock type has been dubbed "pastureite" by Alan
Thompson in honor of this beautiful glacially-smoothed outcrop.
No hammers please!
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Figure 32. P-T diagram from Holdaway and
Lee (1977) showing intersections of six
phase curves (quartz-orthoclasesillimanite-garnet-biotite-cordierite)
and granite melt curves to produce a
fluid-absent melt curve. Dashed lines
are Xpe of cordierite. Suggested
conditions of fluid-absent melting at
Stop 3 are indicated. Xh 20 in the
fluid phase would be 0.38 only in
the special case at the intersection
of the three sets of curves.
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Aside from a few layers of calc-silicate granulite, the rock in this
outcrop can be described in two parts— a medium-grained schist (or gneiss),
consisting of quartz,orthoclase, plagioclase, garnet, cordierite, biotite
and ilmenite and a network of slightly deformed cross-cutting felsic veins
consisting of quartz, orthoclase, plagioclase, and cordierite with striking
2 to 4 cm euhedral to subhedral garnets. All the garnet is remarkably uni
form in composition except where in direct contact with biotite or cordierite,
and has the following compositions for core and rim (
)_: Almandine 69.6
(70.9), Pyrope 24.2 (22.8), Spessartine 2.8(7.9), Grossular 3.4 (3.4). The
biotite has XMg of .566 (compare with Stops 1 and 2) and Ti/11 oxygens of
.236. The cordierite has XMg of .710. Using the calibrations of Thompson
(1976) GAR-BIO and GAR-CRD both yield estimated temperatures of 685°C. Using
the pressure calibration for coexisting quartz-sillimanite-garnet-cordierite
of Tracy et al., 1976, this assemblage yields an estimated pressure of 6.2
kbar.
In addition, a sample from this outcrop contains coarse sillimanite
that appears to be pseudomorphous after andalusite.
,

An obvious explanation suggested by several visitors for the cross
cutting feldspathic rims as well as for the two sizes of garnets is that the
veins were formed by segregation of melt and that the large garnets grew in
contact with melt. M. J. Holdaway has suggested that aquaeous fluid may
have been largely carried away during earlier stages of melting, perhaps at
the breakdown of muscovite, and that the present texture is due to fluid ab
sent melting permitted by breakdown of biotite in the six phase assemblage
quartz-sillimanite-K feldspar-garnet-cordierite-biotite.
Figure 32 shows
Holdaway's calculated model where "six phase curves" for different fictive
duce a fluid-absent melt curve. Dashed lines are isopleths of Xpe of cor
dierite in the six phase assemblage. Taking the cordierite at Xpe of .29
from this outcrop and assuming the outcrop lay on the fluid-absent melt
curve, the rock yields an estimated temperature of 705°C and a pressure of
5.2 kbar. The diagram also shows that if the rock were exactly at an inter
section of all three curves so that fluid could be present, it could have an
XH2O no greater than 0.38.
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Continue east on New Braintree Road.
15.7

T junction. Turn right(south).
rock in pasture.

15.8

Small road cut in bushes at left

Note rounded masses of ultramafic

Stop 3A. (Optional, 10 minutes) (Ware Quadrangle) The New Braintree biotiteolivine hornblendite in contact with sulfidic schist of the Partridge Forma
tion in the Wickaboag Pond anticline. This body, some 60 ra (200 ft) thick
and 400 m (1300 ft) long is the only ultramafic body known in this part of
Massachusetts.
It bears some resemblance to the series of olivine-hornblendites described by Wolff (1978) from the Partridge Formation near the
Bronson Hill anticlinorium but lacks the green spinel and chlorite charac
teristic of those rocks. The thin section described by Field contains 78%
hornblende, 12% biotite, 7% olivine (Fo 70 approx.), 1% orthopyroxene (En 75
approx.) and 2% pyrite. Contact relations and mode of emplacement of this
body are poorly understood, partly because most of the other outcrops in the
vicinity are pegmatite.
&

A so-called "Wehrlite" supposedly from this locality is described by
Emerson (1917) and is listed in Washington’s (1917)Professional Paper 99.
However, Field (1975) has shown that the analysis, the norm, and Emerson's
detailed outcrop description all fit alarge outcrop oforthopyroxene gneiss
in the Littleton Formation to be visitedon TripP-4, Stop
7.
Continue south.
16.3

Bear left at junction.

16.6

North Brookfield Town Line on sharp right bend.

16.9

Bear right at intersection,

17.1

Bear right at intersection.

17.4

West Brookfield Town Line,Barrett Road.

18.2

Low outcrops on left, high outcrops on right.
P-4.

19.2

Junction just beyond transformer, Wigwam Road with North Brookfield
Road, Route 67. Make acute left turn and proceed northeast on Route

19.6

Hereford Cow sign on left. Park on highway or in barnyard depending on
number of vehicles. Proceed north on foot through gate and along
long northeast-trending outcrop.

This is Stop 1.1A of Trip

Stop 4.
(40 minutes approximately) (Warren Quadrangle! White Schist Member
of the Paxton Formation. For discussion of stratigraphy see trip P-4 Stop 11.
The outcrop has an irregular smoothed surface covered by a thick crust of
iron oxides and sulfates. The outcrop surface is covered by 3-5 cm pits in
side of which fresh pyrite is usually visible. In spite of extensive search
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we have found only traces of pyrrhotite
clined to believe much of its character
Partly weathered rock just beneath this
abundance of colorless silicates. Much

in this outcrop, but are still in
is due to weathering of pyrrhotite.
crust looks white because of the
fresher rock has a bluish look.

The outcrop consists of two main rock types, sillimanite-and biotitebearing quartzites, and aluminous schists with variable proportions of silli
manite, biotite, and cordierite. The biotites vary from very pale reddish
brown iron-bearing ones to colorless Mg-end members. Our first impression
was that these were muscovites in a very retrograded fault zone, but their
nearly uniaxial interfence figures showed they are biotites.
The assemblage
in two analyzed samples is quartz-orthoclase-plagioclase-biotite-cordieritesillimanite-graphite-rutile-pyrite-(pyrrhotite?). The XM of biotite in the
samples is .995 and .999 (0.04 weight % FeO) and they contain .065 and .0.74
Ti/11 oxygens (see Figure 22). The cordierites which are charged with
graphite appear as black to bluish lumps. They are essentially pure Mg end
members with 0.00 weight % FeO and only a trace (.08%) of MnO. Even where
charged with detrital zircons these cordierites lack pleochroic haloes, pre
sumably because of lack of iron to be oxidized by alpha bombardment. This
cordierite also contains approximately 2 weight % F^S, due to unusually
high sulfur fugacity in the pyrite + pyrrhotite assemblage. The K-feld
spar has a composition Or 91.5 Ab 8.4 An 0.1 and plagioclase is An 32.7
Ab 57.6 Or 0.8. The rutile is closer to pure Ti02 than from most localities
because there is no FeO. Because of the extreme narrowness (to put it
mildly) of the sillimanite-biotite-cordierite "field" this rock essentially
lies on the univariant reaction MgBiotite + Sillimanite = Mg cordierite
+ K feldspar, and can only be considered divariant because of the Na content
of the K feldspar. The name White Schist came partly from the appearance of
the broken outcrop and partly by analogy with the Mg-rich kvanite-talc rocks
studied by Schreyer (1974) in Tanzania and Afghanistan.
.

Leave farm and return southwest on Route 67
20.5

Center of West Brookfield (lunch supplies).
continue west on Route 9 and 67.

Merge with Route 9 and

21.5

Turn left (southwest) on Route 67 and off of Route 9.

22.8

Large rotten roadcut on left.
cross highway carefully.

Park as far to right as possible, and

Stop 5. (15 minutes approximately) (Warren Quadrangle) Partridge. Formation
in the Pleasant Brook anticline. A typical fine-to medium-grained Zone VI
schist with the assemblage quartz-orthoclase-plagioclase-biotite-garnet-cordierite-sillimanite-graphite-ilmenite-pyrrbotite (sample FW-40.7). Although
coated with a thin oxide crust, excellent fresh material can he collected
The zoned Type C garnet in Figure 6C was collected at this locality.
The most magnesian garnet cores and most retrograded rims adjacent to bio
tite (
) have the following compositions: Almandine 69.7 (77.7),
Pyrope 24.7 (16.0), Spessartine 2.2 (3.0), and Grossular 3.4 (3.3). Note
the delicate purplish tint of these pyrope-rich garnets. Matrix biotite
has X^ of .572 and Ti/11 oxygens of .245 and biotite at garnet contacts goes
to X^g .600. The cordierite has X ^ of .714. Compositions of garnet core
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and matrix biotite, and of garnet core and cordierite both yield tempera
ture estimates of 680°C and the assemblage quartz-sillimanite-garnet-cordierite gives an estimated pressure of 6.3 kbar. Retrograde garnet and bio
tite rims indicate a retrograde temperature of 530°C.
Proceed southwest on Route 67 into Warren.
23.7

Sharp left (south) next to Warren Retirement Manor and before railroad
overpass.

23.8 T junction.
east.

Turn left(east) onto Southridge Street and proceed south
%

26.3

Sign to "Breezelands."

Follow it on Southbridge Road.

26.8

Road cut begins on right near crest of hill.

26.9

Stop right on down-grade where rotten outcrops appear on both sides of
road.

Stop 6. (30 minutes approximately plus 20 minutes for lunch) (Warren Quad
rangle) Partridge Formation in the Wickaboag Pond anticline. This is
locality WN-1 where J.S. Pomeroy discovered the mylonite that we have studied
in detail and which is extensively discussed in the text. This is also the
northernmost garnet-cordierite locality studied by Paul Hess (1971) . The
mylonite is less than 1 cm thick and is exposed on a very rotten part of the
outcrop that could be damaged by hammering. In that vicinity it is possible
to see the internal E-W lineation in the mylonite caused by elongate quartz
rods and to see a parallel sillimanite lineation in the country rocks, The
later NE-trending sillimanite lineation may also be seen. The folding of the
mylonite foliation cannot be seen in the outcrop, but appears in thin section
as a west-over-east overfold (Figure 23).
Several samples of coarse-grained gneiss from this outcrop with garnetbiotite, sillimanite-garnet-biotite-cordierite and sillimanite-biotite-cordierite assemblages have been partially analyzed. Garnets range up to 25.7%
pyrope content. Biotite coexisting with sillimanite, garnet and cordierite
has X-jyj of .604 and Ti/11 oxygens of .290. A nearby sample of the same
assemblage without garnet contains biotite with X^ of .591 and Ti/11 oxy
gens of .230. This evidence of slightly crossing tie lines suggests some
slight retrograde re-equilibration.
It is the dream of all petrologists to obtain numbers from outcrops.
This outcrop yielded an instantaneous and direct determination on a field
trip in spring 1981, thanks to the sharp eyes of graduate student Chris
Fulton. The number is 8 and is formed by two coalescing hollow globular
clusters of graphite plates inside an orthoclase crystal in a cordierite peg
matite. This sample will be shown and advice and assistance sought.
Continue south (downhill) on Southbridge Road.
27.0

Small outcrop of White Schist Member of Paxton Formation on left.

27.9

Large outcrop of White Schist Member in bushy bank on right.
V
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28.0

Triangle junction.

Bear right onto Brookfield Road.

28.1

Second triangle junction at Cheney Orchards sign.

28.3

Brimfield Town Line.

29.1

Underpass beneath Mass. Turnpike.

31.5

Sherman Pond on left (east) of Brookfield Road.

32.5

Center of Brimfield (Wales Quadrangle) Bear right for 100 yards then
cross Route 20 at traffic light and proceed south on Route 19 toward
Wales.

Bear right again.

34.6. Wales Town Line.
36.6

Wales Elementary School on right.

36.8

Wales Country Store on left.
Monson Road.

37.6

Monson Road bears left(south).

37.8

Outcrop on right, huge boulder on left. This is Stop 7. however, pro
ceed up road to next intersection for turnaround.

38.1

Pull over as far to right as possible just west of outcrop.

Turn right (west) off Route 19 on to

Continue straight on McBride Road.

Stop 7, (20. minutes approximately) (Wales quadrangle) Well bedded coarse
gray schist of the Littleton Formation near Mt. Pisgah. This is an opportu
nity to collect very fresh material fairly similar to the rock in the pasture,
at Stop 3 though probably richer in sillimanite and cordierite. Figure 33
is a map showing a small but very homogeneous garnet from this locality. A
typical composition is Almandine 67.2 Pyrope 29.0, Spessartine 1.1, and
Grossular 2.7. The biotite has
of .629 and Ti/11 oxygens of .252. We
have not yet analyzed the cordierite. The garnet and biotite yield an esti
mated temperature of 665°C and the garnet composition in the quartz sillimanite-garnet-cordierite assemblage gives an estimated pressure of 6.7 kbar.
7
(
Proceed east on McBride road.
38.3

Return to Monson Road and proceed east.

39.1

Turn left(north) on Route 19 at Wales Country store.

40.3

Bear right (little warning) onto Holland Road.

40.9

Holland Town Line.

41.8

Stop sign.

42.3

Road cut in bushy slope on right.
outcrop.

Road deteriorates and is called North Wales Road.

Turn right (southeast) on Brimfield-Holland

Road.

Pull well to rightbefore the
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Figure 33. Map showing
100 Fe/(Mg+Fe) for a garnet in
sillimanite-orthoclase-garnetcordierite schist of Littleton
Formation at Stop 7.
%

3m m
Stop 8.(15 minutes approximately)
(Wales Quadrangle) Sulfidic schist of
the Partridge Formation in the Wickaboag Pond anticline. The outcrop is pre
dominantly coarse-grained gneiss with the assemblage quartz-ortboclaseplagioclase-biotite-garnet-cordierite-sillimanite-graphite-ilmenite-pyrrhotite with variable amounts of sillimanite. There are several interesting
mylonites in the outcrop, but they are not so fine-grained as the one at
Stop 6 and are full of porphyroclasts rather than porphyroblasts of new
minerals.
#

Probe analyses of garnet yielded compositions of core and of rim adja
cent to biotite (
) as follows: Almandine 65.2 (73.71, Pyrope 29.5
(21.2)9Spessartine 1.4 (1.6)#Grossular 3.9 (3.4). Matrix biotite has Xj^g
of .584 and Ti/11 orygens of .275, whereas biotite against garnet has
X^ as high as .604. Garnet core and matrix biotite yield a temperature
estimate of 745°C, the highest reliable estimate we have ob
tained in the
region, whereas garnet rim and biotite rim yield 580°C. Composition of core
garnet in the quartz-sillimanite-garnet-cordierite assemblage suggests a pres
sure of 6.4 kbar.
Proceed southeast on Holland-Brimfield Road,
44.5

Junction with Stafford Road in Holland.

45.8

Causeway across Hamilton Reservoir.

Continue straight.

In 1979 Robinson and Klepacki collected samples from the rubble of
schist and pegmatite on the south side of the causeway that is presumably
derived from nearby excavations. These have yielded primary assemblages
as well as two retrograde features that have, been studied in detail by
Tracy and Dietsch (1982). The primary garnet core and retrograded rims ad
jacent to biotite and cordierite have yielded the following compositions:
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Figure 34. Garnet-sillimanitequartz aggregate growing inside
cordierite in sample WL-6A from
Hamilton Reservoir. Sillimanite
is lined; quartz is stippled.
Contours in garnet and cordierite
are 100 Fe/(Fe+Mg). Dots are
individual probe analysis points.

0---------250
pm
1
1
Almandine 73.4 (76.4); Pyrope 21.6 (18.9); Spessartine 2.0 (1.8)j Grossular
3.0 (3.0). The primary cordierite has X^g of .652. Together these yield
an estimated temperature of 720°C. However, the garnet and cordierite are
considerably more Fe-rich than in other outcrops in this region and their
compositions in the quartz-sillimanite-garnet—cordierite assemblage give
a pressure estimate of only 5.9 kbar, hinting that the coarse crystals in this
rock may have formed at an earlier stage in the metamorphism than those in
some other rocks in the region.
Along cordierite-K feldspar contacts and locally along garnet-K feld
spar contacts there are coarse intergrowths of prismatic sillimanite, pale
green low-Ti biotite, and quartz produced by continuous retrograde hydration
reactions involving local transport of K20 but apparently not T102 - That
the retrograde reactions are continuous hydrations is shown by the fact that
the green biotite adjacent to garnet has XM g of .555, the green biotite adja
cent to cordierite has XMg of .606, while the primary biotite has XMg of .598.
The more remarkable retrograde feature, illustrated in Figure 34, are
clusters of intergrown garnet, sillimanite, and quartz inside large cor
dierite crystals, that appear to have formed by direct breakdown of cordier
ite during cooling and increasing pressure. The garnets appear to have
nucleated as several grains in a cluster which then coalesced to form
larger continuously zoned patches. As the garnet grew, it became more Ferich, whereas the shrinking cordierite in contact with the growing garnet
became more Mg-rich. The compositions of the most Mg-rich garnet and most
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Fe-rich garnet (_
) in the intergrowth are: Almandine 76.5(80.1),;
Pyrope 23.5 (16.2), Spessartine 2.Q (2.7), Grossular 1.9 (1.0)_. The host
cordierite (see above) has X^g of .650 whereas the most Mg-rich cordierite
adjacent to growing garnet has XMg of .751. Using the calibration of A. B.
Thompson (1976) the most magnesian garnet paired with the host cordierite
gives a temperature estimate of about 740°C. This temperature must be a
false one, because none of the new garnet could have grown from cordierite
without changing its composition some. However, using any reasonable temperaestimate, down to 650°C, the initial garnet, composition in this sillimanitegarnet-quartz-cordierite intergrowth gives pressures of 6.0 to 6.3 khar.
The most Fe-rich garnet is paired with the most Mg-rich cordierite giving
a retrograde temperature below 500°C.
If these were still in equilibrium
with quartz and sillimanite it would have been at pressures of 6.5-8 kb.ar.
47.4

Connecticut State Line marked by obscure, stone post in bushes to left

47.6

Large roadcut on left at T intersection.
Park in grassy area on right.

Interstate 86 visible ahead

Stop 9. (20 minutes approximately) (Wales Quadrangle) Hypersthene-augite
plagioclase gneiss and diopside calc-silicate and marble in Partridge
Formation. The principal outcrop is a dark gneiss consisting of quartz,
andesine (with coarse orthoclase exsolution lamellae), orthopyroxene,
augite, biotite, ilmenite, and minor to major amounts of secondary
cummingtonite and hornblende after pyroxenes. The host plagioclase
has a composition of An43.1 Ab55.9 Orl.O CnO, with orthoclase exsolution
lamellae having a composition of An0.3 Ab9.4 Or86.5 Cn3.8. The celsian
component is unusually high and may have promoted exsolution. Ortho
pyroxene and clinopyroxene have the following compositions:
OPX XMg=0.520
2+
3+
(Na.001C a .028M n .016F e .929Mgl .005F e .018T l .002A 1 .001)2 (A1.031Sll .969 ^2

CPX

XMg=0.666

2+

3+

('N a .022C a .845M n .008F e .357M 8 0.712F e .033T l .0 0 5 ^ . 0 1 8 ^ 2 ^A 1 .039Sll. 961^ 2

Biotite is red-brown with X^g of 0.536 and 0.273 Ti/11 Oxygens, typical
for Ti-saturated rocks of this grade. Ilmenite has a typically pedestrian
composition of 93% FeTi03, 4% Fe 203, 2% MgTi03, and 1% MnTi03. This rock
has the right bulk composition to have once been an amphibolite in which
all amphibole has now broken down, probably by a continuous Fe-Mg and
Ca-Na reaction hornblende + quartz = orthopyroxene + augite + plagioclase.
A similar but somewhat more magnesian assemblage from some miles to the
north (see Figure 29) still contains hornblende together with its
breakdown products. Note that the biotite here coexists with hypersthene
but not with K-feldspar. However, a more iron-rich assemblage from
some miles to the north does contain hypersthene, K-feldspar, and garnet
(see Figure 29). The coarsest pyroxene crystals (best seen by light
brown color on weathered surfaces at top of outcrop) occur in felsic
patches that appear to have been melt segregations; however, the pyroxenes
are as or more abundant in the fine-grained matrix. It is possible
that melt segregations formed and solidified before the main pyroxeneforming reaction. Note darker brown secondary cummingtonite rims and
local larger crystals.
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For several years the white fibrous crystals in the calc-silicate out
crop were alleged by some to be wollastonite. This was checked out exhaus
tively by Alan Thompson (pers. comm. 1978) and the crystals are scapolite.
Note diopside, abundant quartz-calcite contacts and fine euhedral sphene.
Proceed right at T intersection, then turn left (east) on bridge across
Interstate 86, then enter entrance ramp for 186 NORTH.
49.0

Long cuts in rusty schists of Partridge Formation on right.

51.0

Long cuts of purple biotite granulites of the Paxton Formation and
pegmatite on right.

53.1

Take exit for Old Sturbridge Village.

53.2

Turn left (west) at end of exit ramp and take bridge across 186.
T junction at west end of bridge turn right (north)

53.4

Entrance gate to Old Sturbridge Village with roadcut on right.
to right of pavement at wide spot.

At

Pull

Stop 10 (10 minutes approximately) (Southbridge Quadrangle) Gray biotitegarnet granulites, and calc-silicate granulites of the Paxton Formation with
abundant pegmatite and tight isoclinal folds.
Continue northwest on Old Sturbridge Village Road.
54.2

Stop sign.

Continue straight.

54.6

Junction with Route 20.

54.9

Ramp to 186 South bears right.

55.1

Get into left turn lane and turn left (north) onto New Boston Road
(small sign). Proceed north.

56.7

Bridge over Mass. Turnpike.
Cross and park at wide spot on right.
Step over fence on right and climb down under bridge on north side
of Turnpike to large road cut behind protective railings.

Turn right (east).
Stay straight on Route 20.

Stop 11. (30 minutes approximately) (East Brookfield Quadrangle). This
lies in a very narrow belt of gray—weathering aluminous schist with sub
ordinate calc-silicate that has been assigned to the Littleton Formation.
After descending to road level walk quickly west to far end of outcrop and
then work your way slowly back to Bridge.
The dominant rock type here is
beautifully coarse quartz-orthoclase-plagioclase-biotite-garnet-cordieritesillimanite-graphite gneiss in which cordierite, garnet, and sillimanite can
be exceedingly coarse.
Within the gneiss are two sills of garnet and garnet-sillimanite pegma
tite usually showing a very strong deformational fabric. A composition map
of a garnet from the pegmatite is shown in Figure 35. This portion of the
pegmatite apparently contains no sillimanite and no primary biotite, but
does contain retrograde low Ti Biotite at contacts between garnet and K
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Figure 35. Maps showing 100 Fe/(Fe+Mg) for garnets from Stop 11. Left:
Garnet from mafic selvage on pegmatite consisting of biotite-garnetsillimanite-cordierite. Surrounding biotite is red-brown Ti-rich
variety. Right: Garnet from sillimanite-free portion of pegmatite.
All biotite is secondary low-Ti green variety formed by retrograde
reaction between garnet and K-feldspar.
feldspar. Next to the retrograde green biotite, the garnet shows extremely
abrupt zoning. Compositions of garnet core and of garnet rim next to green
biotite (
) are as follows: Almandine 70.7 (82.5). Pyrope 26.0 (11.8)
Spessartine 2.4 (3.9), Grossular 0.9 (1.8). The retrograde green biotite
When paired with the garnet rim
has
of .464 and .013 Ti/11 oxygen
this green biotite gives a temperature estimate of 545°C.
In the pegmatit
e
at the far end there are local patches of graphite and of fairly coarse
white mica that appears to be muscovite (I ?), Elsewhere the sillimanite
rich portions of the pegmatite may be metamorphosed equivalents of musco
vite pegmatite.
Along the contacts of the pegmatites are dark layers up to 0.3 meters
thick consisting almost exclusively of biotite, garnet, sillimanite, and cor
dierite. These appear to be either restite layers left behind during melt
ing of the pegmatite or metamorphosed reaction rims between pegmatite and
country rock (Note high specific gravity of specimens). In a few places
there are layers of pure cordierite up to 4 cm thick at the contact between
these layers and the pegmatite.
A composition map of a small garnet in
one of these layers is shown in Figure 35. The garnet is fairly homogeneous
) yielding the fol
except where in contact with surrounding biotite (
lowing compositions: Almandine 72.0 (82.1), Pyrope 24.9 (14.6), Spessartine
1.2 (2.0); Grossular 1.9 (1.4). Typical biotite has Xj^g of .597 and .230
Ti/11 oxygens. Garnet core and matrix biotite yield an estimated tempera
ture of 635°C.
In the absence of quartz the sillimanite-garnet—cordierite
assemblage can be used to estimate a maximum pressure of 6.7 kbar.
This is end of trip. Return south down New Boston Road to Route 20
Turn right (west) on 20 and then get on ramp for Route 86 South,
route back past Stop 9 and on into Connecticut, ultimately to Route 32.
then 195 to Storrs.
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See consolidated list after Trip P-4.
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